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SECTION 1

INTRODUCTION

Optical data processing (ODP) has promised for two decades a

vast increase in processing capacity and speed, compared with

conventional electronic techniques. This promise has never been

fulfilled for several reasons, most notably because of the lack of

a practical real-time image modulator, or light valve, and because

optical techniques were almost exclusively limited to linear oper-

ations. These restrictions have been removed by the development

of the liquid-crystal light valve (LCLV) by Hughes Research

Laboratories (HRL), and by nonlinear parallel-processing tech-

niques developed by the University of Southern California (USC).

Thus, it is important to determine how successfully nonlinear

parallel-processing techniques can be implemented in real time

with the various LCLVs.

The implementation and evaluation of these techniques have a

direct relationship to current Air Force technology. Pertinent

Air Force interests include multidimensional real-time signal and

image processing with varied applications, including nonlinear

filtering for trajectory control and guidance, "smart" sensing,

picture processing, and bandwidth compression. These technologies

could benefit substantially from the increased processing capacity

and speed that the proposed research may yield.

Section 1 describes nonlinear optical transformation methods
and the motivation for studying a real-time application of that

technique. The HRL-developed photoactivated twisted-nematic LCLV,

the variable grating mode (VGM) LCLV modification and its system

configuration for optical processing, and optical logical opera-

tion has been described in previous reports. A study of the

dynamic performance of the VGM LCLV has been performed, and

several new LC mixtures have been prepared to improve the VGM

temporal performance. Empirical modeling of the VGM effect has

also been performed. Studies were made of the use of ac and dc to

improve the temporal response of VGM and work on a novel technique

7



for spoiling the long-range order to improve response time has

begun. Alternatives to the VGM device are also being investi-

gated. The progress made in this period is described in

Section 2..1

This work has a direct relationship to Air Force interests in

the multidirectional processing of real-time signals and images,

with applications including nonlinear filtering for guidance and
trajectory control, smart sensing, picture processing, and band-

width compression.

Until now, specified nonlinear operations have been performed

only with great difficulty. Coherent optical techniques are

essentially restricted to linear operations. Digital processing

to produce nonlinear transformations is possible, but only in a

slow, serial fashion. Certain nonlinearities can be produced by

special photographic techniques, but the speed, accuracy, repro-

ducibility, and dynamic range of these techniques are limited.

We have been pursuing different tasks to attempt to overcome

these shortcomings. For the first task we utilized special half-
tone screens to modulate the input image, in conjunction with

coherent optical processing to desample in the Fourier plane.

This technique has made it possible to implement nonlinear effects

when higher orders of the half-tone diffraction patterns are

examined by spatial filtering. Sawchuk and Dashiell of USC have

shown, by using specially fabricated half-tone screens, how a very

wide cl;,ss of two-dimensional point nonlinear functions can be

implemented with a large dynamic range as a function of screen
*'"-design and diffraction order. The nonlinearities can be contin-

uous or discontinuous. Operations such as taking logarithms,

exponentiation, level slicing, intensity bandstopping, and histo-

gram equalization can be performed. We have expanded the half-

tone screen technique by substituting a real-time photomodulated

LCLV for the static photographic recording medium. We have suc-

cessfully demonstrated a logarithmic nonlinear transformation

using this technique. This transformation is useful for

homorphic-filtering applications as we have demonstrated. We, in

8
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7-77

cooperation with USC, studied the performance potentials and

limitations of this implementation and how to iteratively modify

and improve the LCLV and half-tone masks.

A second general method which we are presently studying in

this period also overcomes the limitations of serial or photo-

graphic processing. It employs, in one realization, an LC effect

VGM that, when incorporated into a new type of photoconductive
structure, can automatically map image intensity variations into

positions in Fourier space. Filtering and reconstructing can then

yield many desired nonlinear transformations of the image without

the need for specially constructed half-tone masks. A new addi-

tional parameter, the intensity, has been made available for

processing. Recognizing that digital logical operations are

merely a special case of nonlinear operations, we have demon-

strated a unique and highly advantageous optical computing scheme

using this technique. The VGM device is still in an early stage

of development and much material research and device development

is still needed to make it into a practical, recl-time, reliable

optical image modulator. This work is still continuing. Alter-

native physical realizations of intensity to positional mapping

are also being studied.

9
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SECTION 2

PROGRESS DURING CURRENT YEAR

During this year, we pursued several tasks for this program

which were directed toward further improving our understanding of

the VGM effect and toward developing a VGM photoactivated light-

valve device. In the VGM effect, certain LC elements exhibit a

phase grating whose local period is proportional to the locally

applied voltage. When incorporated into a light-valve structure,

along with a photoconductive layer, local variations in the spa-

tial distribution of light signal or image intensity are converted

into local variations in grating period. In the Fourier transform

plane, a new parameter - the intensity - is coded into the spatial

distribution in a way that permits great freedom to perform non-

linear optical data and image processing, and to perform optical

computations as well. In this period, we continued to examine

many aspects of the device, including the LC system itself, the

temporal dynamic properties of the light valve, including some

novel schemes to increase the speed of response, and the detailed

optical polarization properties of the VGM diffraction patterns

with the goal of modeling the molecular configuration of VGM. We

also began to study alternative schemes to the VGM effect wherein

the main feature of converting intensity variations to positional

dvariations would be enjoyed along with much faster time-response

5# characteristics.

A. NEW VGM LC MIXTURES STUDIES

New VGM LC mixtures of decreased viscosity were prepared and

evaluated. The temporal response characteristics proved to be

complex and impossible to describe merely with a single set of

characteristic rise and decay times. The responses are non-expo-

nentia) and mul .process with a pronounced memory or hysteresis.

There ib d so i secular degradation in response. All of these

complexities remain to be analyzed. We report some of our

.. <.....? ;. ....... .. ... ........................ .. ,...., . , _,



observations illustrating the temporal responses with oscilloscope

traces.

Response time measurements of the variable grating mode

dynamic behavior using the setup shown in Figure 1 were made to

study the effects of LC composition, LC viscosity, cell thickness,

applied voltage and temperature on rise and decay times. The

measurements were taken on the first order diffracted light from

the VGM cell. The diffracted spot of the laser beam was 3 to 5 mm

in diameter at the detector 20 cm from the LC plane. The detector

was positioned in each experiment at the angle corresponding to

the steady-state diffraction angle for the particular field

applied. A mask was positioned in front of the detector to give

an angular resolution of 1 mm at 20 cm from the VGM cell plane.

Table 1 compares three LC mixtures of different compositions:

-- .2N40 - a mixture of five different alky-alkoxy phenyl

benzoates and one alkoxy-alkoxy phenyl benzoate

2N42 - a mixture of five diffent alkyl-alkoxy phenyl
benzoates

NPV - a mixture of azoxy compounds, with a total
viscosity range of 25 to 47 cP.

A cell thickness of 7.5 um and a temperature of 25*C were kept

constant for the comparison. With an applied dc signal 2 times

the threshold voltage, the viscosity effect can be noted. Th3

lower viscosity 2N42 mixture has an "on" time (delay time plus

rise time), more than 2 times faster while the decay time is simi-

lar to that of 2N40. The azoxy compounds in NPV have the lowest

viscosity with fastest turn on time and a slightly slower decay

time. Unfortunately, as indicated by the decrease of resistivity

after 16 hours of testing, this mixture is less stable than the

rester type LCs.
The cell thickness effect on the VGM response time was tested

in the 2N42 LC mixture. A 4.3 um thickness cell was fabricated on

optical flats with 3 SiOx spacer. In this particular cell the

first-order diffraction was very weak, whereas the second order

was much stronger. Detailed examination of the cell explained

this phenomenon since the counterelectrode had a defective

12
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antireflection (AR) type coating on the outer surface acting as a

crossed polarizer, extinguishing odd numbered diffraction orders.

The 4.3 um thickness cell of 2N42 LC was remade using a different

counterelectrode, and normal VGM behavior was observed. It is

difficult to compare response time versus cell thickness since the

thicker cells need longer time to activate as can be seen in

Table 2. However, it is seen that the thickness effect on turn-on

response time is similar in VGM operation to other types of LC

" operations. The thinner the cell, the faster the turn-on time.

The decay times observed in the above data do not follow the same

relationship. A small increase in temperature lowers the diffrac-

tion efficiency and slows down the turn-on time. By increasing

the temperature, the 2N42 viscosity has indeed been lowered.*

However, the response time seems to be controlled by other param-

eters, in addition to viscosity, such as the elastic constants and

dielectric constants. The dielectric constants and the dielectric

anisotropy of mixture 2N42 have been studied,* as a function of

* temperature, and Ae becomes more negative between 15°C and 450C.

We have established that LC mixtures with large negative Ae do not

exhibit the VGM effect.

The temperature and the cell-thickness effects were tested

with a second LC mixture of different composition, the azoxy com-

pounds of Merch NPV. Two cells were fabricated on optical flats

using an 8 Pm SiO x spacer for the thicker cell and a 3.6 Pm

mylar spacer for the thinner cell. Parallel alignment, in both

cases, was achieved by overcoating the ITO with PVA and rubbing

for uniform direction. Diffraction efficiency was also monitored
in these tests by measuring the photodetector output in arbitrary

millivolt units. Table 3 summarizes the signals used in the cor-

responding response times that were obtained.

-.

*J.D. Margerum, J.E. Jensen, and A.M. Lackner, "Effects of
Molecular Length on Nematic Mixtures," Mol. Cryst. Liq. Cryst.
68, 137-156, 1981.
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Comparing the response time of the 8.0 and 3.6 iim cells using

a 500 msec ON/OFF signal shows small increase in turn-on time as

we go to thinner cells; however, the decay time showed a reduction

of an order of magnitude. But in the 3.6 im cell the signal

period was cut to 100 msec, without reducing diffraction effi-

ciency, and the response time was reduced to 60 msec on-time,

*38 msec decay time, or (as measured two days later) 90 rnsec on-

time and 35 msec decay time. Both of these times are close to

real-time device operation rates. But this fast response is for a

very special circumstance, i.e., going from just below threshold

to twice threshold. The memory of the grating pattern liay persist

below threshold making its reformation a much faster process. The

temperature effect on the NPV LC is similar to that observed with

HRL-2N42; i.e., at higher temperatures the diffraction efficiency

is much lower.

When the 8.0-ijm-thick cell was operated at an elevated tem-

perature of 300C, the diffraction brightness was decreasing (three

scans within 3 min of signal, 500 nsec ON/OFF) while a curious

spike was created in the decay cycle (see Figure 2).

11641-2

Figure 2. Temporal response of NP-V at 30*C
time base: 100 msec/cm, 9 to 13 V-dc
cell thickness 8 tim.

17
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In our internal LC research program we have developed a

computer program for predicting the properties of multicomponent

eutectic mixtures. By studying the effect of LC structure on

viscosity and anisotropy, and assigning class viscosity and class

anisotropy values to each component, we revised our computer pro-

gram to calculate the eutectic mixture with the average molecular

length, viscosity, dielectric anisotropy, as well as the melting

point and clear-point of the mixture. This is done by utilizing

the values of length, nclass , and Aclass for each component.

Examples of the computer printout for two old eutectic mixtures

are shown in Figures 3 and 4. The input data are the compound

code, its melting point (MP), clearpoint (CLPT), molar heat of

fusion (HF), molecular length (MLEN), molecular weight (MWT),

class viscosity (VISC), and class dielectric anisotropy (DEL).

All of this information is stored in the system for each compo-

nent. The calculated output data are the mole fraction (XI) and

weight percent (Wt.%) of each component in the eutectic mixture

and the melting point, clearpoint, length, viscosity, and dielec-

tric anisotropy of the mixture. This computer program greatly

facilitates the process of seeking new mixtures that are likely to

have desired values of nematic temperature range, viscosity, and

dielectric anisotropy for any LC applications.

Each of the new VGM mixtures calculated in Figures 5 and 6

shows considerably lower viscosity than the two ester mixtures,

2N40 and 2N42, which we have previously studied. The dielectric

-anisotropy of the new mixtures, A and B, are not correct dielec-

tric anisotropy. However, these mixtures can be slightly altered

from eutectic to obtain the needed Ae by adding some positive Ac

component or reducing the percentage of the positive material.

For example, mixture A in Figure 5 has a calculated Ae of -0.94,

but a very low viscosity of 22.89 cP. The eutectic mixture was

prepared according to the computer calculation and the dielectric

anisotropy was changed by adding a highly positive anisotropy

ester component such as CNOC (NC - (C)5).

18
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TEST.VGM;& 23-NOV-1981 14:01;31.62 Page I

0 COMPOUND Mp CLPT HF LEN XI MWT WYX VISC DEL

10-1 96.P0 10.00 7197, 16.20 0.0614 242.28 4.67 36.00 -0.25
20-3 75.70 68.00 6716. 19.67 0.1J67 284.36 11.31 36.00 -0.25

3 ?0-5 62.80 63.00 7492. 92.21 0.1511 312.41 14.82 36.00 -0.25
40-7?90 53.00 788 1961 0 09~ 284.36 8.85 36.00 -0.25

5 40-6 40.00 49.00 8424. 81 0.2993 354.49 33.3 36.00 -0.25
6 60-01 54.90 77.40 o1d9. bO 0.2624 328.41 27.0 82.00 -0.05

MIXTURE MLLTING POINT: 14.382

MIXTURE CLEAR POINT= 58.76

MIXTURE LENITHa 22.70

MIXTURE VISCnSITYz 48.07"

MIXTURE DIELECTRIC ANISOTROPYN -0.20

Figure 3. HRL - 2N40 eutectic LC mixture calculations.

-.4

i VGM.I; 15-DEC-1981 10:29:55.39 Page 1

* COMPOUND MP CLPT HF LEN X - MOT wT% VISC DEL

1 10-I 96.20 10.00 7197. 16.20 0.1122 242.28 9.28 36.00 -0.25
20-3 75.70 68.00 6716. 19.67" 0.2224 284.36 21.59 36.00 -0.25

3 20-5 6?.80 63.00 7492. 22.21 0.2831 312.41 30.19 36.00 -0.25
'0-1 72.90 53.00 7808. J9.61 0.1908 284.36 18.52 36.00 -0.25
0-5 70.70 61:00 8150. 1.78 0.1914 312.41 20.41 36.00 -0.25

4IXIURE MELTING POIN1= 28.046

MIXTURE CLEAR PUINTx 55.873

PIXTURE LLNGTH2 20.59

**IxIU$L VISCOSITY: 36.00

14IXIURE DIFLECTRIC ArISUTROPYS -0.25

Figure 4. HRL - 2N42 eutectic LC mixture calculations.
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VGM.101ul@ r%\, - I -OEC-1981. 10:29:34.74 Pae. I

N COMPOUND MP CLPT NP LEN XI MWT WTZ VlSC DEL

I 10-1 98o20 10.00 7191. 18.20 0.0401 2452.28 3.25 36.00 -0.25
2 201R 70 68.00 6716. 19.b7 0.0851 284.36 8.09 36.00 -0.25
3 0- 6~ .80 6100 7492. 22.21 0.0970 312.41 10.1 36.00 -0.25
4 460:1 790 5 .00 7808. 19.6! 0.0621 284.36 5.94 36:00 -0.25
S 4070:70 61: 00 als0: at:78 0:0597 312 41 36:23 36.00 02

20C49.00 74.80 6598. 20.21 0.1956 go0 .;0 19.00 16.00 -1.30
a 20-Cl 56.90 85.90 7892. 22.59 0,1119 318.46 11.92 16.00 -1.30

MIXTURE MELTING POItNl: 4.976

MIXTURE CLEAR POINTS 69.296

MIXTURE LENGTHS 20.93

MIXTURE V1SC04ITYx 2Z.89

MI1XTURE DIELECTRIC ANISOTROPYU -0.946

j.d

"VGM. 101;IO I 15-OEC-1981 10:29:32.56 Page I

8 COMPOUND MP CLPT HF LEN XI M#VT hT% VISC DEL

1 '0-1 72.90 53,00 7808. 19.61 .0.0170 284 36 1.51 36.00 -0.25
2 40-3 70.70 61.00 8150. 21.78 0.0153 312.41 1.49 36.00 -0.25
3 10-CS 40.90 71.30 5095. 21.40 0.1488 300.43 14.11 16.00 -1.30
4 20-C3 09.00 79,80 6598. 20.21 0.0651 290.40 5.88 16.00 -1.30
8 40-C4 40.50 70.00 4188. 23.84 0.2109 332.49 21.84 16,00 -1.30
6 60:C4 2b.00 70.00 5360. 26.15 0.2070 360.54 23.24 16.00 -1.30
7 60-C5 32.20 79.80 5058. Z7.41 0. 374.57 22.21 16.00 -1.30
a 7YPCN 30.00 57.00 6100. 0.00 0:18,283.50 9.71 27.00 5.40

4MIXIURE MELTING POINT=-18.48S

MIXTURE CLEAR POINT: 70.380

MIXTURE LENGTHS 20.83

* MIXTURE VISCOSITY: 18.25

MIXTURE DIELECTRIC ANISOTROPY* 0.14

Figure 6. HRL new mixture "B" calculations.
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Table 4 shows new compositions tested for VGM. The new

mixture B in Figure 6 is not a eutectic composition.

Of the eight mixtures in Table 4, only one showed VGM domains

with dc signals, namely, mixture B with 5.1% NC - (C)5. Mixtures

with somewhat higher, 5.7% additive or slightly lower 4.4%, addi-

tive concentration were already too positive or too negative in

anisotropy, respectively. The addition of 5.1% NC-(C)5 did not

increase the viscosity of mixture B (estimated to be 22.6 cP),

* while the dielectric anisotropy should be close to -0.1. This new

LC mixture was tested for VGM response time using a test cell of

optical flats with ITO/PVA coating and a 3.6 pm mylar spacer.

Alignment is achieved by parallel rubbing of the PVA. All the

collected response time data are summarized in Table 5. Typical

oscilloscope traces of the temporal response are shown in

Figure 7. This new VGM mixture shows several advantages over the

previously tested 2N42 or NP V. Since it is a mixture of esters

only, it is colorless and more stable than the commercial Merck NP

V. Increasing the temperature of the LC in the test device does

not lower the diffraction efficiency and speeds up response times,

both the turn-on and delay times. Using 100 msec ON and 100 msec

OFF square-wave dc signals at 2x threshold voltage results in fast

enough response at any of the above temperatures for some special

real-time device applications.

Using our new low-viscosity VGM LC we conducted a series of

VGM response-time experiments for a variety of voltage changes and

switching periods. We measured the time required for a diffracted

spot to shift to a new position (angle change) as a result of a

change in the field applied to the cell.

The test cell used in these tests was filled with the newly

prepared low viscosity LC mixture A described above. The K1720-

143B test cell was 3.6 um thick. As before, the first-order

diffracted spot of the laser beam was 3 to 5 mm in diameter at

20 cm from the cell LC plane.
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Table 4. Properties of New VGM LC Mixtures

Mixture
Sample % NC - (C)5 Resistivity Ae VGM Remarks

A - 2.54 x 10 -0.94 No At 100 Vdc

B 5.1 2.12 x - Yes Vth 17Vdc

C 2.5 1.81 x 10 - No At 100 Vdc

11
D 10.0 2.54 x 10 + No Color shift at 5V

E 3.5 2.54 x 10 - No At 140 Vdc

11
F 4.4 2.54 x10 - No At 100 Vdc

11
G 7.2 1.81 x 10 + No Color shift

H 5.7 2.54 x 10 0 + No Color shift

These data were taken with photocell detectors placed

at the appropriate angle of diffraction that corresponded to the

steady-state value with the field applied. The detectors were

masked as before give a detector-angular resolution of 1 mm at

20 cm from the cell plane. Figure 8 illustrates the case where the

field is switched from 25.5 V (1.5 x V th ) to 34 V (2 x Vth) at

10-sec intervals (20-sec period). The top trace measures the

diffraction intensity at the 34-V position, while the bottom trace

measures it at the 25.5-V position. The rapid times observed in

Figure 7 can be noted in these pictures after each fiducial mark.

The longer time constants - 10% to 90% and 90% to 10% - are

approximately 5 sec in this experiment. It is important to

emphasize that the top trace is the photocell output from the 34-V

steady-state diffraction angle position, the center trace is the

fiducial marker pulse from the dc voltage program generator, and
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11641-9

1*-25.5 V+.4-34 V-.1425.5 V+4-34 V-.J

TIME BASE 5 sec/cm

TOP TRACE: 34 V DIFFRACTION POSITION DETECTOR
BOTTOM TRACE: 25.5 V DIFFRACTION POSITION DETECTOR
CENTER TRACE IS THE FIDUCIAL MARKER

Figure 8. Extended view of temporal response
of new [-RL LC mixture 1.5 threshold
to twice threshold.
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the bottom trace is the photocell output fromt he 25.5-V steady-

state diffraction angle position. The fast portion of the traces

immediately following each marker pulse is the very rapid change

inintensity that occurs before the diffraction spot begins to move

and to fully form in its new position. This initial impulsive

response is not yet understood.

The traces in Figure 9 are taken under the same conditions as

was Figure 8, but several hours later. The response has obviously

slowed, the diffraction angle has changed slightly, and the

intense portion of the diffracted spot is sweeping slightly past

the detector centerline making precise time measurements impos-

sible. This characteristic change with hours of use is also pres-

ent in the following series of photographs, which shows relative

angle changes and time of response for different sets of field

applied.

Figures 10(a), (b), and (c) show the relative response times

and amplitudes for a series field changes. The fully cycle time

used here is 40 sec/cycle. The high field detector (top trace) is

repositioned in each figure to correspond to the steady-state

angle required. In Figure 10(a) the high voltage diffraction,

after an essentially zero "delay," has a 10 to 90% rise time of
17 sec, and decay time of 2 sec. The low-voltage diffraction has

a 4 sec rise and 6 sec decay with essentially no delay.

In Figure 10(b), going from 25.5 V to 32 V, cyclically, we

note the high voltage rise time to be 15 sec and decay time to be-J

5 sec; the low voltage rise time is greater than 7 sec (not equi-

librium) and the decay time is 10 sec. The delay time is still

negligible.

In Figure 10(c), going from 25.5 V to 30 V, the rise time of

the higher voltage diffraction is greater than 20 sec and the

*decay time is 17 sec. The lower voltage diffraction has a rise

time of greater than 5 sec and decay time of approximately 12 sec.

The quality of the VGM is quite good in this series of exper-

iments as can be seen from Figures 11(a) and (b), where the VGM

was viewed in the polarizing microscope in steady-state condition

at comparable field conditions.
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Figure 9. Temporal response of new HRL VGM LC
after 3 hr of continuous use.

.

a

* 8 2R

IN ~ - . - . . . . .



nq (n F-

"N0-4 C

tio 4 LLn

0 -4

> Nt

7:-' 0 r=

0 = >~

0 ~ 0

-4) C-4

Us4)
0E4&

4)0 W. -

> E-4 4.

4))

U) 0
(Nri

29n -



11641-1

j.

y1 A

() 25. Vdc

inths eperimnts

30Y



The breaks in the grating lines are the points at which a new

line is adding-in on increased field, or an old line subtracting-

out on decreased field.

We have determined that this process seems to become slower

when the cell is continuously cycled for several hours.

Figure 12(a) shows typical initial response when using a 40 sec

cycle time. The rise and decay times are greater than 15 sec.

After continuous cycling for 3 hr the response is considerably

slower, as shown in Figure 12(b).

We then found that this tendency to become slower with

continuous use could be reversed by switching tae field to zero at

the start of each cycle! As can be seen in Figure 13, the speed

of response is greatly increased, even though this was a crude

experiment (the field was switched on and off manually).

Comparing Figure 13 with Figure 12(b), it also appears as though

this may even be an improvement over the initial response

(Figure 12(a)). The rise time of the high-voltage diffraction is

12 sec and the decay time I sec. The low-voltage diffraction has

a rise time of 10 sec and decay time of 2 sec.

This discovery raises the question of how much response can
be improved by using a driving field that is specially shaped for

a maximum response. This is a promising area for further

experimentation.

B. DYNAMIC RESPONSE STUDIES OF VGM USING APPLICATION OF AC
AND DC TO IMPROVE RESPONSE SPEED

We have studied some of our VGM LCs to determine the effect

of combined ac and dc on the speed of observed response. We have

also studied an LC with a dielectric anisotropy "crossover"

(wherein the anisotropy changes from positive to negative with

application of increased frequency) to determine if VGM can be

achieved when the ncessary negative anisotropy is induced by

fields of high frequency. For these tests we used Merck

Laboratories Nematic Phase 1085 TNC LC. Negative dielectric

anisotropy is defined as

Ac - (cI - ci) < 0
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H- 24 V 34 V

(a) BEFORE

24 V -4 34 V -. 4-24 V

* (b) AFTER

Figure 12. Response before and after 3 hr

of continuous use.
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24 V34 V 24 V 34 V

TIMiE BASE: 5 sec/cm

Figure 13. Response time shortening by
* deliberate switching of the

field to zero.
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Eight cells were tested in the following series. Some cells

were new fabrications, and some were cells still available from

earlier tests. The test system consisted of an ac/dc coupling

switch to enable application of ac and dc in parallel to the test

cell. VGM or optical response was viewed in the cell with a

polarizing stereo microscope. The ac field applied was

continuously variable in voltage and frequency from 0 to 50 V-ac

and 2 Hz to 1 MHz, respectively. The parallel dc field was

variable from 0 to 50 V-dc. The full range of frequencies and

voltages were applied to the test cells to observe the effects on

LC response (see Table 6).

Except for one case where decay response was improved

(No. 2), and another where alignment was slightly improved

(No. 1), ac generally had the negative effect of suppressing VGM.

No VGM has been observed by us by ac alone.

*" Some experiments were made with HRL-LC 2N40 to determine the

effects of varying the amplitude and polarity of the dc fields on

the VGM response.

One striking result is illustrated in Figures 14 and 15.

There can be an enhancement of the diffraction efficiency by the

application of additional short voltage pulses without a change in

the diffraction angle. In Figure 14 we see a short flash of scat-

tered light incident upon the detector when the field is switched

rapidly from 20 V to -20 V-dc. The decay time follows the short

flash.

Some attempts to reduce the delay time were made using a

short pulse of dc at a higher voltage than the static level. As

can be seen in Figure 15, the pulse actually lengthened the delay

time. The power intensity on the detector was greatly increased

because of improved diffraction efficiency with the higher field.

The starting voltage here is 15 to 50 V-dc for the short pulse; it

then returns to 30 V-dc.

As an alternative to the VGM device we are exploring the

possibilities of using periodic wedges of birefringent LC to

deflect the light electro-optically. In a thin enough structure
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Figure 14. Scattered light impulse
when switching from 20 to
-20 V.
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Figure 15. Effect of short superimposed dc
pulses on VGM efficiency.
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we should expect response times compatible with real time device

operation. We are taking two different approaches to realize

these structures. In one, we will fabricate on BK-7 glass, a

periodic wedge of 200 lines/in. In the second we are attempting

to coat some acrylic Fresnel lenses purchased from stock optical

supplies. Much difficulty has been encountered in applying trans-

parent conductive coatings to these plastic surfaces, so we are

now attempting metal coatings.

Finally, in this period we have worked closely with the USC

Image Processing Institute under Professor Sawchuk to measure and

model the VGM effect to gain an understanding of the origin of the

effect. This will lead to the possibility of altering the LC

mixtures to optimize the performance of VGM. From an extensive

series of polarization intensity measurements we have been able to

deduce that the LC director forms a periodic helical structure in

the VGM. The periodic uniaxial birefringence model explains

almost all the observations. An in-plane and out-of-plane rota-

tion angle are both specified in the model. There is yet a cer-

tain asymmetry in the Jones matrix description of the VGM cell
". that must be explained before full confidence can be placed in our

model.

C. IMPROVED VGM RESPONSE SPEED BY SPOILING THE LONG RANGE ORDER

From the device standpoint, the VGM response times, as we

have noted before, are too slow for many applications. It would

be desirable to have responses compatible with TV frame rates or

faster, on the order of tens of milliseconds. In this section we

desribe a novel approach to, and some preliminary results for,

achieving faster dynamic response. It is based on the intuitive

notion that the VGM domains evolve slowly in time both along the

domain direction and in the perpendicular direction.

There is some visual evidence for the slow evolution of the

domains. When the voltage is changed in a VGM cell, say to a

slightly higher value, under the polarizing microscope one can see

the new additional lines coming into the field of view. New lines
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form by "unzipping" one or more of the numerous fork-shaped

dislocations which occur throughout the area of the VGM structure.

The unzipping process typically traverses -20 Pm at velocity on

the order of magnitude 10 Pm/sec.

It seemed possible that if the length of the VGM grating

domain could be shortened radically so that the unzipping would

not have to travel far, that the time of formation of the new VGM

steady state could be shortened. One way to cover a two-dimen-

sional area with short VGM domains would be to have the longer

domains interrupted by a fixed set of parallel interruptions per-

pendicular to the length of the domains. The interruption would

have to present a strong electrical and/or mechanical

perturbation.

We constructed a special cell with one narrow 1-mm groove

parallel and another perpendicular to the VGM domains. No differ-

ence in response times was noted between these grooves nor between

them and the normal large area VGM cell geometry.

Next we fabricated a set of holographically produced gratings

with a 1 Pm period. These were formed on ITO coated glass sub-

strates etched through the conductive coating. The conductive

strips were all electrically connected at one edge. The LC mix-

ture, Merck NPV, was aligned perpendicular to the direction of the

grooves of the holographic grating in those experiments that we

will report on here. In another set of experiments with the

alignment parallel to the grooves, no significant effects were

noted.

The VGM domaini in a working cell 6 Pm thick with 20 V-dc

applied are shown in Figure 16. The doma is are perpendicular to

the two 1-pm holographc gratings. In the photograph, that grating

cannot be seen, and only large occasional defects along the direc-

tion of the grooves show up. What is noteworthy in this typical

photograph is the large number of forked dislocations, compared

with a cell made of normal substrates without any gratings. The

domains, however, are not merely 1 um long, but typically extend

~10 Pm in length.
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Figure 16. VGM domains aligned perpendicular
to the horizontal 1 P'm holographic
gratings in a 6 P'm thick cell with
20 V.
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To measure the temporal response of this cell, an apparatus

similar to that shown in Figure 1 was used. The main difference

is that here two detectors were employed. The voltage on the cell

was repetitively switched from one dc value to another in a rec-

tangular wave pattern. One detector was placed at each of the

diffraction positions appropriate for each voltage. The outputs

of these detectors were displayed on dual traces of an oscillo-

scope. For example, in Figure 17, the top trace records the out-

put of the detector placed at the 30-V diffraction position, while

the bottom trace simultaneously records the output of the detector

at the 20-V diffraction position as the voltage is repetitively

switched from 20 to 30 V with a 2-sec period. The motion of the

diffracted light beam from one detector to the other is complex.

Not only does the beam travel from one detector to the other, but

it also undergoes a reformation and condensation as it approaches

steady state, making the temporal response very complicated, as

can be seen from the oscilloscope traces. There is also a sudden

flash of light, largely centered around the current position,

whenever the voltage is switched. This flash shows up as a strong

spike on the traces. From Figure 17 we estimate the rise time to

be 600 ± 200 msec and the decay time is in the tens of milli-

seconds! In Figure 18 the cell was refilled, traces were recorded

from 30 to 40 V. The top trace corresponds to 40 V. Here the rise

times were on the order of 100 msec, but the decay times were 600

and 1,700 msec, respectively, for 30 and 40 V. This was clearly

not a reproduction of the remarkable rapid decay observed in

Figure 17.

Generally, at this stage in our experiments, we have been

able to reproduce the fast performance only from time to time in

certain remakes of the cells. However, we are greatly encouraged

to have seen this significant improvement in temporal response.

D. ALTERNATIVES TO THE VGM DEVICE

Alternatives to the VGM device are being investigated. The

essential feature of the VGM device is that it maps local image

intensity into spatial positions. The device does this
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Figure 17. VGM temporal response +20 to +30 V
1 P'm grating substrates 500 msec/cm.

12545-3

Figure 18. VGM temporal response +30 to +40 V
1 P-m grating substrates 2 sec/cm.
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very well, but it still has shortcomings - slow response and short

degradation lifetime. One alternative device that would preserve

the essential feature, yet overcome the present failings, would

use the electro-optically induced birefringence change in a LC in

wedge or prism-shaped devices. We have performed preliminary

experiments to evaluate these ideas. The angle 8 that light is

deflected by refraction from a prism of small angle a and of index

.. of refraction n is approximately 8 = an. The index of refraction

* can be varied electro-optically in many materials, and the effect

is particularly large in LCs where the change in index An between

the ordinary and extraordinary polarization can be as much as 0.2

* with relatively small voltages, ~10 V. The change in the angle of

deflection 68, caused by a change in the index is given by

68 = aAn

By varying the voltage locally in accordance with a two-dimensional

image using a photoconductive layer on top of the wedge, one could

* in principle, have a device that transforms local image intensities

into local angles of deflection. In the back focal plane of a

lens, these angles are mapped into displacements, i.e., Fourier

transform space with the additional parameter of intensity.

Experiments were performed to test the applicability of a

simple prismatic wedge of LC as an electro-optically controllable

beam deflector. One-inch pieces of glass were spaced at 250 i'm at

one end and 3 Pm at the other, and were filled with nematic mix-

ture E7 whose birefringence is An - 0.23. One piece of glass was

coated with an ITO transparent layer, and the other with a reflec-

tive layer of aluminum. For convenience the cell was used in

reflection, thereby doubling the angle of deflection. AC voltages

at approximately 103 Hz were used. The maximum deflection expected,

-6 - 2 aAn - 2(1/100)(0.23) = 4.610 - 3 rad

b-3

* was a bit larger than the maximum observed of 3.1/10 - rad.

Alignment and surface effects explain why only 67% of the
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predicted deflection by these very simple considerations, was

actually achieved. However, the main problem is the slow time of

response of the thick LC. A second problem is the scattering that

occurs when the cell is more than 100 Pm thick. At the 100 Pm

thickness, the deflection response times were 2 sec rise time, and

25 sec decay time. Response time is roughly related to the

inverse square of the thickness, but one would have to have a very

much thinner cell to get responses in the millisecond region.

A potential solution to these problems was invented in this

period. Since only the wedge angle determines the deflection of

the prism and not the thickness, one could have an array of repli-

cated little prisms that would effect the same deflection without

" the disadvantages of slow speed and cloudiness caused by a large

thickness. Just as in the Presnel lens, here too, excessive

* refractive material can be eliminated. Care must be taken in

design so that the spacing is not so fine as to be in the diffrac-

tion region, and spacing is not so coarse that the height of the

prisms is too great.

One attempt at realizing a workable periodic wedge was to use

a reflective, conducting, replica-blazed diffraction grating as

one element of an LC cell. A blazed grating with a groove profile

that is roughly triangular seemed to work well. We used a

600 1/mm, 5,000 A blazed grating, which implied an effective wedge

angle of 8.70. At most, with good alignment, no surface effects,

and full birefringence, we could have expected an electro-optic

deflection of 69 I0- 3 rad but we observed only 1.2/10 - 3 rad. It

" -. became clear that using such a fine period grating, where diffrac-

tion and refraction compounded their effects, was not practical.

We are now pursuing two different approaches to realize these

periodic wedge electro-optic deflectors. We will attempt to fab-

ricate this structure on BK-7 glass substrates at a period of

250 Pm and a wedge angle of less than 450 to avoid the problems

discussed above. Conventional glass fabrication techniques have

proved extremely expensive. An alternative approach we are

attempting is to employ structures already fabricated for other
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purposes, then adapting them to our needs. For example, plastic

replica Fresnel lenses have been purchased and attempts are under

way to coat the surfaces with transparent and conductive elec-

trodes. If successfully done, then the power or magnification of

these lenses could be negated 1 atm by additional optical elements

to achieve the pure deflection that is desired in these experi-

ments. Thus far, we have had great difficulty in applying

conductive coatings to acrylic Fresnel lenses using vacuum coating

techniques. We have backsputtered with a freon etch followed by a

flash coat of tantalum. SiO 2 was then deposited in a oxygen-rich

atmosphere followed by ITO, again in oxygen-rich atmosphere.

Unfortunately, adhesion to the substrates has been poor and the

conductivity is too low. Metallizing the acrylic substrates with

paladium-tin or gold, then ion beam etching for LC alignment, has

not yet been successful. The alignment has been too random and

the coatings have a tendency to peel. Further work is continuing

to solve these problems.

b.4
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Certain nematic liquid crystal mixtures are observed to form a -variable grating mode" (VGMI
for appropriate choices of cell design and applied .oltage. In this mode of operation, a phase
grating in the plane of the cell arises from a periodic variation in the orientation of the liquid
crystal director. The grating spatial frequency is observed to vary linearly as a function of the
applied voltage above the formation threshold. Liquid crystal and de% ice parameters characteris-
tic of the observed ,ariable grating mode are presented. Utilization of the VG M effect in a photo-
conductively-addressed device is shown to provide an intensity-to-spatial frequency conversion.

, Applications of this unique type of optical transducer to ar'iitrary nonlinear optical processing
problems are described. Results of level slicing experiments and implementation of optical logic
functions are presented.

I INTRODUCTION

The variable grating mode (VG M) effect, in which some nematic liquid crystal
layers exhibit a laterally periodic optical phase characterized by a voltage de-
pendent spatial frequency, has been observed by several authors. 6 A VGM
liquid crystal device can be constructed with the addition of a photoconduc-
tive layer in series with the liquid crystal layer.4 When utilized as an optical-to-

*Presented at the Eighth International Liquid Crystal Conference. Kyoto. 1980.
* Permanent address: Institut d'Optique. Universite de Paris sud. Orsay. France.
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optical image transducer, this deN ice has the rather unique property of con-
verting in real time the intensity of an input image into a spatial frequencN.
Such an intensity-to-spatial frequency converter can be employed to imple-
ment arbitrary nonlinear point operations on input images.

In section II of this paper, we describe our in% estigat ions on the VG M effect
as a function of compositional differences in phenvl ben/oate liquid cr\stal
mixtures, from which we chose an ester mixture for use in our photoactivated
device. The construction and operation of this VGIM liquid crxstal de\ ice is
described in section Ill. The uniqueapproach to real time point nonlinear op-
tical processing offered b\ this de\ ice is illustrated in section IV. lhe principal
advantages with respect to earlier point nonlinear optical processing schemes.,
icl ud ing reaI time app roaches are discussed, especially for the implemen-

tation of optical binary logic operations.

II VGM EFFECTS AND MATERIALS CONSIDERATIONS

In the sariable grating mode operation of liquid crystals. a phase grating is
formed with a period that depends upon the soltage placed across the cell.
This phase grating originates from a %ariation of the optical path length due to
a periodic orientational perturbation of the liquid crystal uniaxial index ellip-
soid. The direction of periodicity is perpendicular to the quiescent state
alignment of the liquid crystal molecules. i.e., the domains are parallel to the
liquid crystal alignment in the off state. Typical spatial frequency variation is
from 100 to 606 cycles mm. Figure I shows typical voltage-induced behavior
of a VGM cLill as seen through a polari/ing microscope. The period of the
phase grating can be seen to decrease as the applied voltage increases. Some
imperfections in the VGM device can also be observed in the photographs.

:=,

20V 30V 40V 50V 60V 70V soy 90V 100V
FIGURE I VGM ,wwed through polarhing microscope.
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Inconsistencies in the grating alignment within each picture and from picture
to picture may be noted. The optical diffraction patterns resulting from the
phase grating in a typical VGM cell are shown in Figure 2.

We have observed \'GM domains in planar cells up to about 13 pum in
thickness of the liquid crystal. These V'(M domains for static fields arc alwNays
parallel to the quiescent state alignment direction on the electrode surface and
are observed only with applied dc fields. These effects are enitirely consistent

* with the experimental results of Barnik et at.." hut do not support other obser-
vations that the cells must be about 6)pm thick or less~ t hat the domai n can
be either parallel or perpendicular to the alignment direction.2 and that ac
activation can be used:' Our undoped liquid crystals were relati~el\ high in
resist ivityv (> 10" ohm-cm) and showed little or no dynamic scattering e~en at
dc voltages as high as five times the threshold Nolt'age.

The VGM effect in nematic-phase liquid crystals of negative dielectric an-
isotropy has been previously studied primarily with azoxy mixtures. such as
Merck NP-V. These yel low-colo red eutectic mixtures absorb light stronglk in
the near ultraviolet and blue (below 430 nm) region of the spectrum. and can'
undergo photodecomposition during extended illumination. We studi, J
phenyl benzoate liquid crystal mixtures because the\ are colorless (strong ab-
sorption below 350 nm). are more stable to visible light exposures, and are
more easily purified than the azoxy mixtures. Since we ha~e been stud\ ing
structural effects (particularly molecular length) on the anisotropic and d -
namic scattering properties of a series of phenyl ben/oate mixtures.:' we ex-

1by 20 V

30V 40V
D (tR )ilirctin pattion, ot a (.N1 col
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amined the VGM response of this series as well as several other mixtuces. The
purpose was two-fold: (I) to select phenyl benzoate mixtures suitable for
VGM studies in photoactivated devices, and (2) to look for correlations of
structures or physical properties with the VGM effect. The materials studied
are shown in Table I. Their VGM characteristics are compared with some of
their anisotropic properties in Table II. The voltage dependence of their VGM
domain grating frequency is shown in Figure 3.

Typical cells used in the foregoing experiments were fabricated from indium
tin oxide (ITO)-coated. 1.27 cm or 0.32 cm thick optical flats. The liquid crys-
tal layer was confined by a 6 Am Mylar perimeter spacer. The liquid crystal
surface alignment was obtained by spin-coating an aqueous solution contain-
ing polyvinyl alcohol on the ITO-coated surfaces, drying at 100 ° C, and gently
rubbing to give a uniform direct ionality. The effect of dc voltage was observed
with a polarizing microscope at 258X magnification for each liqLid crystal
mixture. The width d of the domain period (line pair) is inversely proportional
to applied voltage according to

"." d= ct V 1
"-,)

where a is a constant that is dependent on the particular liquid crystal mix-
ture. This relationship is illustrated in Figure 3, in which dcvoltage as a func-
tion of grating frequency I d for each eutectic mixture is a straight line with

TABLE I

Liquid crystal mixtures used for VGM studies

End Group Composition
-Mole Fraction- Nematic Range Average

Class and Number Alkoxy/Alkyl Dialkoxy Dialkyl mpC tip. C Length. A

Azoxy
Merck NP-V 1.000 - - -5 73 18.69

RO-R' Ester"
HRL-2N42 1.000 - - 5 58 20.39
HRL-2N43 1.000 - - -6 52 22.37
HRL-2N42/48 1.000 - - 2 57 23.36
HRL-2N44 1.000 - - -8 5i 24.31
HRL-2N46 1.000 - - 16 55 25.92
HRL-2N48 1.000 - - 18 56 27.14

RO-OR' Components'
HRL-2N I I - .428 .572 13 47 22.26
HRL-2N40 .755 .245 - 0 58 22.68
HRL-2N25 .772 .228 - 0 56 24.48

'RO-R' refers to 4-alkoxyphenyl 4-alkylbenzoate esters. See Ref. 21 for the exact composition
of these multicomponent mixtures.hRO-OR' refers to 4-alkoxyphenyl 4-alkoxybenzoate esters. See Refs. 22, 23. and 24 for the
exact composition of 2N1 I, 2N40. and 2N25. respectively. The 2N1 I mixture has a R-R' compo-
nent, 4 butylphenyl 4-toluate. and no RO-R' components.
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TABLE II

Liquid crystal anisotropic properties and VGNI response

Viscosity an at AC-Resistivity As VGM Characteristics'
at 250C, 22rC& p, X 1010 at 25*C V0h Width. d0  Slope. 0

LC Number Ic?) 589 nm (ohm-cm) & 5 KHz (volts) Curn) (Vmm/p1

NP-V 24.9 0.290 2.0 -0.2 10 8.5 0.082
2N42 32.6 0.162 6.1 -0.22 to 5.4 0.099
21443 36.5 0.148 7.2 -0.25 25 8.1 0.287

2N42/48 36.9 0.140 33.0 -0.29 35 5.6 0.340
2N44 38.1 0.136 10.0 -030 -

2N46 39.8 0.135 21.0 -0.30 -

2N48 44.5 0.134 23.1 -0.33 -

2NI1 43.8 0.133 2.8 -0.5 15 5.1 0.122
2N40 46.9 0.151 8.5 -0.28 16 4.3 0.089
2N25 48.5 0.139 11.0 -0.38 21 7.1 0.203

'The threshold voltage. V., is the lowest voltage at which the width of the domain period. dh.
was easily measured in cells with 6 jum spacers.

'No VGM observed up to 100 V dc.

slope a. Values of a for various liquid crystal mixtures are given in Table 11. A
smaller value of a is preferred, since a smaller slope gives a larger range of
spatial frequency for the VG M effect per unit applied voltage. Thus, HR L-2N40
was chosen as the best of these ester liquid crystal mixtures for use in our stud-
ies of the photoactivated VGM device. The HRL-2N42 mixture is also of
interest because its at value is almost as low as that of HRL-2N40 and its vis-
cosity is considerably lower.

There is an interesting correlation between the VG M effect and the average
120 1 1

* ..~, *NPV
.2N40

- 100 X 0 2N42
a 2N11
* 2N25go x0 2N43

* w 2N42/48

60-

0 X
--- -4N40

Lu 40 a- 2N42

40 X

100 200 300 400 500 600
VGM RESPONSE, LINE PAIRS/MILLIMETER

FIGURE VOM voltage dependence for various liquid crystals.
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molecular length of the mixtures in the RO-R' ester series in Tables I and II.
As their length increases (due to longer alkyl end groups). the Vo, and a of the
first three mixtures (2N42, 2N43. and 2N42 48) increase. The longer length
mixtures (2N44. 2N46 and 2N48) do not show VGM effects. Since the dielec-
tric anisotropv (A.e) is reported' to have a large effect on VGM. it may be the
change of At with average length that causes these results. In this series the Vh
increases as At becomes more negative (with increasing length), and no VG M
is observed when At is -0.3 and more negative. This is similar to the VGM
effects reported by Barnik et al.' for a much wider range of At. In a more com-
plex series of phenyl benzoate mixtures (containing four different classes of
end groups) they found that Vh increased as Ae became more negative, and
they also reported a critical value of At = -0.3. However, the critical value of
.At apparently varies with composition of the end group classes used since our
2N25 mixture of RO-R' and RO-OR' esters shows VGM and has At = 0.38
Our latter group of three mixtures (2N II. 2N40 and 2N25). also shows a gen-
eral trend of increased Vh with more negative At. The effect of Ae appears to
be less significant in these mixtures than in the RO-R' series, but it should be
noted that the 2N I I mixture is quite different in composition from the other
two mixtures.

The grating lines in the VGM lie parallel to the surface alignment of the
liquid crystal director in the off state. Although rubbing has proven to be satis-
factory for test cells, a much more uniform homogeneous alignment can be
obtained by ion-beam etching certain types of surfaces. " Figure 4 shows the
best quality of domains that we have thus far obtained.

With taie application of alternating fields of about 10 H?. some cells %%ere
conductive enough to exhibit Williams-type domains. "' These domains are
perpendicular to the quiescent state alignment and their periodicity is only
slightly affected by the applied field. The Williams domains exist in a narrow
range above the threshold voltage due to dynamic scattering resulting from
increasing turbulent flow within the cell as the voltage is increased. This ef-
fect in conjunction with the very small variation in the spacing of domains.
limits the utility of this mode as a diffraction device. For frequencies below 10
Hz. a mixed-mode behavior is observed in the more conductive cells, with
VGM and Williams-type domains appearing sequentially. The cells also ex-
hibit severe scattering during the appearance of the Williams domains. espe-
cially as the frequency is raised. We have not been able to produce pur VG M
behavior with alternating fields of zero average value even for cases of \ery

symmetriL waveforms.
The diffraction efficiency of the VG M cells depends strongly on the applied

voltage, and can beas large as 25c- in the second order (utilizing HR L 2N40 in
a 6Am thick cell). Interesting polarization effects of the odd and even diffrac-
tion orders as a function of the input light polarization are being investigated.
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and the associated liquid crystal electrooptic effect. As a result, the light-
activation process exhibits high resolution. as will be discussed in more detail
below.

59



I NT

152 (14301 B. H. SOFFER et a.
" iAPPLIED -
.",'. VOLTAGE

IMAGING
LIGHT

GLASS *
.. • PLATES "

CONDUCTIVE
ITO -COATINGS

LIQUID CRYSTAL PHOTOCONDUCTIVE COATING
OVER THE CONDUCTIVE
ITO COATING

FIGU RE 5 Schematic diagram of the VG M device construction. Current devices are read out
in transmission at a wavelength at which the photoconductor is insensitive.

Because the VGM phenomenon is a dc instability effect occurring in high-
resistivity (p > 10'0 fi - cm) pure liquid crystal compounds, the device re-
quires a high resistance photoconductive layer. Zinc sulfide has been selected
as the photoconductor material for the best resistance match with the liquid
crystal layer. Because the liquid crystal molecules are sensitive to photode-
composition in the ultraviolet, the ZnS layer is preferably made thick enough
to optimize photoactivation in the blue region of the spectrum.

The ZnS layer is deposited on transparent ITO electrodes by evaporation or
ion-beam-sputtering methods. The sputtered films were 0.5 pm thick, highly
transparent smooth surface layers. With the evaporation technique, we pro-
duced photoconductors of 1.5 to 5 Am thickness, characterized by a hazy,
rough surface appearance that caused difficulties in liquid crystal alignment
parallel to the electrodes. It has been reported that vaporized ZnS causes ho-'
meotropic or tilted homeotropic orientation of the liquid crystal material.30

Mechanical polishing of the evaporated photoconductors increased their
transparency and surface uniformity, while polymer (PVA) coating the top of
these ZnS layers, supplemented by additional surface treatment, resulted in
good parallel alignment. Photoconductors were evaluated and compared by
measuring the dark current and switching ratios of the resulting VG M devices.

From the preliminary photosensitive devices fabricated using a ZnS photo-
conductive layer to achieve the necessary high resistance, one cell was selected
that aligned well and did not suffer the usual rapid deterioration seen in dc
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operation. This deterioration is assumed to result from poisoning of the liquid
crystal by the diffusion of ions from the photoconductor. This particular cell
was constructed of a 5 Am thick evaporated ZnS layer that had been polished
and then rubbed with surfactant polyvinyl alcohol. The counterelectrode was
an ITO transparent layer treated with the same surfactant. The 6 pm thick
liquid crystal layer was made of H R L-2N40 ester. The dark series resistance of
the 2.5 cm square cell was measured to be 3 X 10' (1. With - 160 V applied to

.. the photoconductor electrode and with saturation illumination of 7.3
-' mW cm2 in the passband 410 to 550 nm. the spatial frequency of the VGM

domains was calculated from the observed angles of diffracted orders to be
588 lines mm. The device threshold at this illumination was 21 V. correspond-
ing to a grating frequency of 103 lines, mm. The optical threshold at 160 V is of
the order of 50 uWcm-.

Planar VG M test cells were studied with respect to edge effects on resolu-
tion and possible "spillover" of domains into adjacent unactivated areas. Elec-
trodes were specially prepared by removing sections of the conductive coating
by etching. A parallel plate cell was constructed such that there were conduc-
tive areas facing each other, either with conductive edges aligned or with a

. maximum overlap of 150 Am of a conductive electrode over the nonconduct-
ing area. Cell spacing was 6.3 pm and the material was Merck NP-V. For
alignment parallel to the edge when operating close to the threshold voltage,

-domains were parallel to the edge and within the active area. For higher vol-
tages, there was fringe spillover by not more than one fringe spacing. For
alignment perpendicular to the edge. domains appear to either terminate at

: the edge or to join with an adjacent domain. The quality of the edge behavior
- is shown in Figure 6. These studies indicated that implementation of the VG M

effect in an image processing device should ultimately produce a resolution
not limited by degradation due to edge effects.

IV NONLINEAR OPTICAL PROCESSING USING VGM DEVICES

V.A. Implementatlon of point nonlinew functions

The VG M liquid crystal device can be considered to be an intensity-to-spatial
frequency converter capable of operating on two-dimensional images. The
intensity-to-spatial frequency conversion allows the implementation of arbi-

-. . trary point nonlinearities with simple Fourier plane filters. When an input
image illuminates the photoconductor surface of this device the intensity vari-
ations ofthe input image change the local grating frequency. If coherent light
is utilized to Fourier transform the processed image. different spatial fre-
quency components of the encoded image, corri-sponding to different input
intensities, appear at different loc, tions in the Fourier plane as shown in Fig-
ure 7. Within the dynamic range of the device, intensities can thus be mapped
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100M;m
FIGURE 6 BWhaior of domains near an edge.

monotonically into positions along a line in Fourier space. The input intensity

distribution has thus been coded into Fourier (spatial frequency) space. If the
spatial frequencies of the VGM domains are much larger than the largest spa-
tial frequency component encountered in the images to be processed, we are in
the tractable situation, familiar in communications theory, where the carrier

*; frequency is much higher than the modulation frequencies. Thus, by placing
appropriate spatial filters in the Fourier plane it is possible to obtain different
transformations of the input intensity in the output plane as depicted in Figure
7b. This figure describes the variable grating mode nonlinear processing algo-
rithm graphically. The input intensity variation is converted to a spatial fre-
quency variation by the characteristic function of the VGM device (upper
right-hand quadrant). These variations are Fourier transformed by the optical
system and the spectrum is modified by a filter in the Fourier plane (upper
left-hand quadrant). Finally, a square-law detection produces the intensity

observed in the output plane (lower left-hand quadrant). Considered together,
these transformations yield the overall nonlinearity (lower right-hand quad-
rant). Design of a proper spatial filter for a desired transformation is a rela-
tively easy task. For example, a level slice transformation requires only a sim-
pie slit that passes a certain frequency band or bands. A mathematical
formulation of nonlinear processing utilizing the VGM device is presented else-

where." The principal result of this analysis is the relation

h v, >_ 2N (2)
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Input VGM Filter Output
Liquid Crystal Plane

Device
(a)

SPATIAL
F REQUENCY

FOURIER
TRANSFORM --- _ VGM
PLANE LCLV

SPATIALII
FILTER INPTST
TRANSMITTANCEINEST

IOAI LA OVERALL

DETECTION NNIERT

OUTPUT
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(b)

FIGURE 7 %'GM nonlinear processing. (a) Experimental setup indicating the mapping of in-

t ensitv to spatial frequency. (b) The overall input-output characteristic can be found b% stepping
through the successive nonlinear transformations including t 1 I the intensit to spatial frequcnc%J conversion. 12) spatial filtering, and 13) intensity detection.

where b is the pixel width. Vi) is the lowest usable VG M spatial frequency. and
N is the number of distinguishable grey levels. This relation requires that the
pixel size contains 2N periods of the lowest grating frequency if .N grey levels
are to be processed. For example. a 100 X .100 pixel image could be processed
with 50 distinguishable grey levels on a 50 mm square device with w~ = 200
cycles mm.

The ability to perform arbitrary point nonlinearities over two-dimensional
images greatly increases the flexibility of optical processing system. In the past
few years several different approaches to the problem of implementing gener-
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alized nonlinearities have been investigated. These have included halftone
screen techniques. nonlinear devices."-"6 feedback methods," and a varia-
ble level slice"' among others. The main advantage of the VGM approach over
previous methods is the ease of programming the functional nonlinearity de-
sired for a given image transformation. This is done simply by changing the
transmittance distribution of the spatial A filter in the optical processing sys-
tem. The spatial filter is of relatively low resolution and need only have a
space-bandwidth product equal to the number of gray levels to be processed
independent of the space-bandwidth product of the input image.

The same programmability advantage applies to the implementation of bi-
nary logic operations. One device can be used to implement any of the combi-
natorial logic operations (AN D. OR. XOR. and their complements) by simply
changing a Fourier plane filter. Previously described optical logic systems
were -hardwired" to perform specific operations.'_"2" in most cases one or
more logic functions proved difficult or cumbersome to implement. Use of the
VGM liquid crystal device for the implementation of combinatorial logic op-
erations is described below.

IV.B. Demonstration of a level slice /unction with the VGM device
In this experiment the ability of the VG M device to generate a level-slice non-
linearity is demonstrated. The experimental arrangement is shown in Figure
8. A continuous tone input picture is illuminated by an arc lamp source and
imaged onto the photoconductor surface of a VGM device which initially ex-
hibits a uniform phase grating structure due to a dc bias voltage. The grating
period is locally modulated by the input picture intensity, and this modulation
is mapped into a position along a line in the spatial filter plane. A red filter
ensures that only the readout laser beam enters the coherent optical processor.

DC VOLTAGE OUTPUTINCOHERENT SOREPLANE

LIGHT INPUT SEAM SPATIAL
SOURCE PLANE SPLITnER RED FILTER

PROJECTION
/  

'VeM..
LENS EVICECOHERENT OPTICAL

ULN DEVICE PROCESSOR
COLLIMATING LENS

SPATIAL FILTER

was a variable annular aperture.
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Sectors of small circular annuli of varying radii are used to pass certain spatial
frequency bands. This in effect allows only prescribed input intensity ranges to
appear in the output. Circular rather than straight slits are used to capture the
weak light which in small part is diffracted into circular arcs (see Figure 2) be-
cause of the grating imperfections (see Figure I). Figure 9 shows both the
input and level sliced output pictures. Figure 9a shows a positive print of the
original image as photographed on the imaging screen. A negative of the orig-
inal was used in the experiments. Figure 9b shows a low intensity level slice
corresponding to a VGM spatial frequency of 120 lines. mm with approxi-

- mately 3 bandwidth. In Figure 9c another level, corresponding to 153
lines, mm. is shown. Figure 9d at 236 lines, mm illustrates the interference from
second harmonics. Weak second harmonics of the low intensity image slice
corresponding to 118 lines/ mm can appar in the 236 lines/mm level slice. In
Figure 9e, a. broader slice of approximately 11% bandwidth was taken cen-
tered about the level corresponding to 140 lines mm. This picture may be
compared with the previous slices and particularly with the slice shown in
Figure 9c. Finally, Figure 9f shows a very high input intensity slice at 440
lines/mm with 10% bandwidth. Three grey levels may be seen simultaneously;
these correspond to the superposition of three broad intensity slices.

IV.C. VGM implementation of logic functions
To see how the VGM device can be used to implement binary logic operations,
one need only realize that the function of a logic circuit can be represented as a
simple binary nonlinearity operating on the incoherent superposition of two4--fIEI

FIG U RE 9 Level slice results. (a) Original image h-) Level slice results for various apertures as
discussed in the text.
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binary images as i.nput. As shown in Figure 10. NOT is simply a hard-clipping
inverter. while AND and OR are hardclippers with different thresholds and
XOR is a level slice function.

The VG M device is well suited to implementing this type of nonlinearity.
Since the nonlinearities associated with logic operations are binary functions.
they can be implemented with simple slit apertures. i.e.. 0 or I transmittance
values. A noteworthy advantage of the VG M approach over previous optical
logic methods ' " is the ease of programming the nonlinearity, by merely
changing the aperture in the spatial frequency plane.

Another feature of the VGM technique that is especially suitable for logic
processing is that the input and output are physically separate beams. The
input beam modulates a photoconductor: concurrently the image is read out
with a second beam. This separation of input and output provides for the pos-
sibility of restoring the output levels to the desired 0 and I values even if the
input levels are not exactly correct. This feature is essential to the production
of a reliable logic system that is immune to noise and systematic errors in the
levels. Electronic logic elements possess such level restoring capability, but
currently proposed optical logic schemes' 7-" lack this essential characteristic.

A series of experiments were conducted to demonstrate the fundamental
logic functions. Two input fields were superimposed at the VGM plane along
with a bias illumination. The total illumination intensity on the photoconduc-
tor of the VG M device was thus the sum of the two input intensities and the
bias intensity. The input illumination was filtered high-pressure mercury arc
lamp. The bias illumination was provided by a collimated tungsten bulb
source. The VGM device was read out in transmission using a HeNe laser. A

OUT NOT OUT AND

0 0
1 2 IN 1 2 IN

(a) (b)

!::: OUT I o OUT IO
OUT XOR

".OU = I i

1 2 IN 2 IN

(c) (d)
FIGURE 10 Logic functions as simple nonlinearities, Given an input consisting of the sum of
two binary inputs, different logical operations can be effected on those inputs by means of the
depicted nonlinear characteristics. (a) NOT. (b) AND. (c) OR. (d) XOR.
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filter was placed in the Fourier plane to select the desired spatial frequencies
, for each logic function.

For these experiments, the inputs consisted ofone vertical rectangular aper-
ture and one hori/ontal aperture. When these were superimposed along % ith
the bias, a square image was formed with the four quadrants having the inten-

A sity levels shown in Figure I I. This image corresponds to the logic truth table

INPUT
A

UNFIL.TERED INPUT FXpERIMENTAL

0 1

0 EXE IM N A

7IINPUT
OUTPUT B NU LEVELS

0 1

OR

411

0
NOR

AND

1 0 1

XOR2E

4 NXOR

FIGURE II VGM logic results. The right-hand column indicates ideal output levels for an
image consisting of four quadrants corresponding to truth table values. The left-hand column
shows the corresponding experimental results. The first row shows the input for all experiments
which consisted of a superposition of two binary images. Succeeding rows show results for the
logic operations OR. NOR. AND. NANI). XOR. and NXOR. respcetively.
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shown. Thus the output images have intensity leve's determined by the truth
table associated with the desired logic function. The logic functions AND.
OR. XOR and their complements were implemented sequentially as shown in
Figure I ' by altering only the Fourier plane filter. Imperfectt:. ns visible to the
output plane data arise from defects in the cell structure of the VGM device
employed in these experi..mcnts.

A more complete discussion of VG M logic implementation can be found in
Ref. (32).

V CONCLUSION

The variable grating mode effect can be incorporated in a photoconductivelv-
addressed device structure which provides an overall intensity-to-spatial fre-
quency conversion. The optical processing experiments using the VG M liquid
crystal device described in this paper demonstrate the potential of this real
time optical image transducer for numerous parallel nonlinear operations on
images. The molecular origin of the VGM phenomenon is now being studied
in connection with the behavior of the VG M phase grating as observed by po-
larization microscopy and polarization-dependent optical diffraction. im-
:'rovements in such characteristics of the device as response time, uniformity,
dynamic range and density of defects are under continuing investigation.
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